electrons. However, more recently, the growing necessity to design organic host materials for blue phosphors in Phosphorescent OLEDs (PhOLEDs) has led to new generations of SBF based materials with a wide energy gap (ca 4 eV) and a high triplet energy (E T ). These key properties are the consequences of a restricted π-conjugation within these materials. Thus, SBF compounds substituted in the ortho position of the biphenyl linkage (position C4, see carbons labelling in Chart 1) have encountered a great interest. Indeed, in 4-substituted SBFs, there is, due to the ortho linkage, a strong steric congestion which leads to an efficient π-conjugation disruption between the fluorene and its C4 pendant substituent. Despite these very appealing properties,
Diodes with high performance either for the green (EQE of 20.2%) or the blue colour (EQE of 9.6%). These performances are, to the best of our knowledge, among the highest reported to date for 4-substituted SBF derivatives.
INTRODUCTION
For the last twenty years, organic semi-conductors constructed on the spirobifluorene (SBF) scaffold have encountered a fantastic development for Organic Electronic applications such as blue fluorescent emitter in Organic Light-Emitting Diodes (OLEDs), or in organic solar cells. [22] [23] [24] [25] [26] [27] The very high performances obtained with some SBF based semi-conductors have hence turned spiroconfigured compounds as one of the most important family of compounds for electronics. 2-Substituted SBFs (see carbons labelling in Chart 1) are in this context the most developed class of SBF-based materials, the para linkage between the pendant substituent in position 2 and the constituted phenyl ring of the fluorene ensuring a good delocalization of π-
As it is known that the increase of HOMO energy levels through the incorporation of phenylacridine, [36] [37] [38] [39] indoloacridine, [40] [41] [42] quinolinophenothiazine 43 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2.2 Synthesis. Synthesis of 4-PhCz-SBF. 4-Bromo-9,9'-spirobi[fluorene] 4-Br-SBF 32 (0.76 g, 1.9 mmol, 1.0 eq), 9-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-9H-carbazole (0.71 g, 1.9 mmol, 1.0 eq), potassium carbonate (2.7 g, 20 mmol, 10 eq) and Pd(dppf)Cl 2 (0.083 g, 0.10 mmol, 0.05 eq) were dissolved in dry DMF (25 mL) under an argon atmosphere. The mixture was heated up to reflux and stirred overnight. After cooling to room temperature, saturated solution of ammonium chloride (50 mL) was added, and organic layer was extracted with dichloromethane (3×50 mL). The combined organic extracts were dried over magnesium sulfate, filtered, and concentrated under reduced pressure. The residue was purified by flash chromatography on silica gel to afford the title compound as a colourless solid (0. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The thermal properties of 4-Ph(OMe) 3 -SBF and of 4-PhCz-SBF were investigated by thermogravimetric analysis (TGA, figure 1 left) and differential scanning calorimetry (DSC, figure 1 right). The decomposition temperatures, T d , corresponding to 5% mass loss were recorded at 268°C for 4-Ph(OMe) 3 -SBF and at 311°C for 4-PhCz-SBF. The two compounds appear therefore more stable than their constituted building blocks SBF (T d : 234°C) and 4-Ph-SBF (T d : 254°C) 28 and also more stable than other SBF compounds substituted in position 4 with pyridine isomers (T d between 217 and 242°C). 32 Moreover, as the mass loss appears total around 340°C for 4-Ph(OMe) 3 -SBF and around 410°C for 4-PhCz-SBF, we believe that the sublimation occurs at these temperatures without a real decomposition of the compounds. 36 DSC measurements were performed for the two dyes between 20 to 230°C. At the first heating curve (see SI), the two compounds present a sharp endothermic peak at 223°C (4-Ph(OMe) 3 -SBF) and at 206°C (4-PhCz-SBF), associated with the melting of the two compounds (T m : 215 and 200°C respectively from the peak onset). When both liquids were cooled down at the same rate from 230 to 20°C, no recrystallization occurs and the cooling leads to amorphous solids. At the second heating curve (figure 1, right), a glass transition phenomenon was observed at 100°C for 4-Ph(OMe) 3 -SBF and at 135°C for 4-PhCz-SBF (T g : 90°C and 127°C resp. from the peak onset). As observed above for the T d , the T g of 4-PhCz-SBF appears therefore significantly higher than that of their building blocks SBF and 4-Ph-SBF 28 and also higher than those of SBFs substituted in C4 with pyridine and pyrimidine units (T g of these compounds range between 76 and 92°C). 32, 33 Thus, the bulkiness induced by the presence of the phenylcarbazole group leads to excellent thermal properties, key feature for the further device lifetime. The T g of 4-Ph(OMe) 3 -SBF is lower, 90°C, but remains in the same range than that of the other dyes exposed above. Finally, one can note that, contrary to SBF and 4-Ph-SBF which both present a indicates that the substitution pattern, i.e. meta/para vs para, of the pendant phenyl ring 5 has a stronger impact on the angle than the bulkiness of the substituent itself. This is an interesting feature to finely control in the future the fluorene-phenyl angle and hence the resulting electronic properties (see below).
Page 10 of 37 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Compared to unsubstituted 4-Ph-SBF (fluorene/phenyl angle was measured at 51.2° for one molecule and at 56.6° for the other; two molecules were indeed present in the asymmetric unit), 28 the fluorene/phenyl angle is slightly smaller for 4-PhCz-SBF and much larger for 4-Ph(OMe) 3 -SBF. As this angle drives the intensity of the π-conjugation between the fluorene and the substituent, this signs herein a weaker (respectively higher) π-conjugation breaking between the two π-systems (fluorene and phenyl) in 4-PhCz-SBF (respectively
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4-Ph(OMe) 3 -SBF) than in 4-Ph-SBF.
Another interesting and uncommon structural feature in 4-substituted SBFs is linked to the deformation of the substituted fluorene moiety. Indeed, in the case of 4-PhCz-SBF, one can note a strong deformation of the substituted fluorene core, 11.2° between rings 3 and 4, whereas the unsubstituted fluorene presents a small angle between rings 1 and 2 of 4.0°. This is a very rare structural feature as the fluorene moiety due to its ring bridging has most of the time a flat and undistorted structure. This clearly shows the significant impact of the C4-substitution on the folding of the fluorene. 45 A high value was also reported for 4-Ph-SBF with an angle between ring 3 and ring 4 as high as 12.7°. 28 However, it is important to mention that it remains difficult to perfectly rationalize these structural deformations since the substituted fluorene of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 short C/H intermolecular distances are also detected (dC/H = 2.84-2.89 Å, see SI), being slightly shorter than the sum of the van der Waals radii. 46 However, in the case of 4-Ph(OMe) 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 First, in reduction (figures in SI), no wave was detected in dichloromethane and the LUMO energy levels of the two compounds were determined from the onset reduction potentials at -1.97 eV for 4-PhCz-SBF and at -1.91 eV for 4-Ph(OMe) 3 In oxidation, both compounds present successive oxidation waves with peak potentials at 1.21, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Ph(OMe) 3 -SBF vs Ph(OMe) 3 ). For both 4-PhCz-SBF and 4-Ph(OMe) 3 -SBF, the first oxidation is therefore assigned to the oxidation of the corresponding electron-rich moieties with a different influence of the spirofluorene core due to the different conjugation disruption. Thus, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 SCE leads to the formation of an electroactive polymer (see figure in SI), the phenyl/carbazole core is also surely involved in the electropolymerization process of 4-PhCz-SBF. The HOMO energy level of the corresponding polymer poly(4-PhCz-SBF) lye between that of poly(N-PhCz), -5.25 eV, and that of poly(SBF), -5.57 eV. 28 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 should be mentioned that two other bands at higher energies (at ca 407, 421 nm) were detected for 4-PhCz-SBF, assigned through decay curves to fluorescence contributions, g. from the onset of the last band in cyclohexane, h. λ exc =312 nm
4-Ph(OMe
The UV-vis absorption spectra of the two compounds recorded in cyclohexane are presented figure 4 (left). Both compounds present the same absorption band with a maximum at 309 nm (molar absorption coefficient is higher in the case of 4-PhCz-SBF) similar to the main absorption band of SBF and of 4-Ph-SBF. Hence, this band is due to transitions occurring on the SBF unit. For 4-Ph(OMe) 3 -SBF and 4-Ph-SBF, the contribution at 309 nm presents the same wavelength tail at lower energy, leading to an optical gap ∆E opt determined from the onset of the absorption band of 3.82 eV. This tail translates a certain degree of conjugation between the fluorene and its C4-substituent and it has been recently shown that it is possible to modify its intensity by the nature of the substituent borne by the fluorene. Indeed, with pyridine isomers attached (chart 1), this tail displays different intensities translating more or less longer πconjugated pathways. 32 In the present case, the intensity of the tail (and hence the π-conjugation between the phenyl and the fluorene) is almost identical between 4-Ph-SBF and 4-Ph(OMe) 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 phenylcarbazole and phenyl-substituted SBF units is responsible of absorption in the 295-330 nm range leading to the shoulder at 325 nm and to the higher intensity of the band at 309 nm.
Regarding the band at 340 nm, the difference between the spectrum of 4-PhCz-SBF and the sum of the spectra of each constituted unit remains weak ( figure 5, right) . It should be noted that 4- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 For all functionals, this band experimentally found at 309 nm is due to two transitions (λ 1 and λ 2 , Table 2 ) Table 2 . Calculated wavelengths corresponding to the band at 309 nm for 4-PhCz-SBF and 4-Ph(OMe) 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The main absorption band of 4-Ph(OMe) 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 two compounds is 0.23 eV larger than the modulation between the energy gap obtained from electrochemical measurements (0.10 eV), which involve HOMO and LUMO. is structureless and large (λ= 375 nm) and very similar to those previously reported for other 4-substituted SBFs. 28-31, 35, 52, 53 In addition, the fluorescence spectrum of 4-Ph(OMe) 3 -SBF exacly displays the same shape than that of 4-Ph-SBF but shifted by 17 nm (λ=359 nm). Thus, both molecules possess a very large Stokes shift, which is one of the characteristics of the uncommon fluorescence of 4-substituted SBFs previously reported but still not understood to date. 28-31, 35, 52, 53 We want to provide herein the beginning of an answer. We indeed believe that this large Stokes shift can be explained by the significant differences between the geometries of the ground (S0) and first singlet excited (S1) states observed for both 4-Ph(OMe) 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 that the geometry difference between S0 and S1 is more pronounced for 4-Ph(OMe) 3 -SBF than for 4-Ph-SBF, clearly explaining the difference observed in term of Stokes shift. Furthermore, this low rigidity (allowing an important rearrangement at the excited state) could be the reason of the large and unresolved fluorescence spectra of these two molecules. Thus, we believe that the very unusual fluorescence of 4-subsituted SBFs finds its origin in this strong geometry difference between S0 and S1. Figure 7 . Superposition of the S0 (ground state) and S1 (first singlet excited state) molecular structures obtained by molecular modelling of 4-Ph(OMe) 3 -SBF (left, S0: sky blue, S1: green), 4-PhCz-SBF (middle, S0: pink, S1: orange) and 4-Ph-SBF (right, S0: grey, S1: black) 4-PhCz-SBF appears as a unique example in the 4-substituted SBFs family reported to date in the literature. Indeed, 4-PhCz-SBF presents a well resolved emission spectrum with maxima at 345, 361 and a shoulder at 380 nm. The domain of emission wavelengths is similar to that of 4-Ph-SBF ( Figure 6-right) . The structured shape is very similar to that of its constituted building block N-PhCz (which emits at 341 nm with a fine vibronic structure at 357 nm and a shoulder Page 23 of 37 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 around 375 nm, figure 6-right) but the ratio between the bands is different (1/1 for 4-PhCz-SBF and 3/2 for N-PhCz). In addition, the small Stokes-Shift of 5 nm, calculated from the difference between the lowest energy absorption band (340 nm) and the highest energy emission band (345 nm), is perfectly explained by the similar geometries of S0 and S1 ( figure 7-middle) . This is a significant difference with 4-Ph(OMe) 3 -SBF, 4-Ph-SBF and all the 4-substituted SBF reported to date, which explained the different emission spectra of these molecules. Thus, the presence of the pendant carbazole in 4-PhCz-SBF has hence a key role in the peculiar fluorescence of 4-PhCz-SBF, by avoiding strong molecular rearrangements between S0 and S1. Indeed, 4-PhCz-SBF seems to have a high rigidity preventing reorganization at the excited state and this high rigidity could also explain the highly structured fluorescence spectrum compared to the other 4-substituted SBFs and notably 4-Ph(OMe) 3 -SBF and 4-Ph-SBF presented above. This is to the best of our knowledge the first rationalization of the peculiar fluorescence of this family of dyes.
Ph-SBF
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The quantum yield φ of 4-Ph(OMe) 3 -SBF was calculated in solution at 60% and that of 4-PhCz-SBF at 54% (reference : quinine sulphate). Both quantum yields are higher than those of their constituted units (φ 4-Ph-SBF =40%, φ N-PhCz =34% and φ Ph(OMe)3 <1%). It shows the strong impact of the SBF core on the fluorescence quantum yield, especially in the case of
4-Ph(OMe) 3 -SBF.
Page 24 of 37 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 resp. 28 ) and shorter than that reported for N-PhCz (6.44 or 6.3 ns). 54, 55 The lifetime of 4-Ph(OMe) 3 -SBF is shorter (2.8 ns) than those exposed above. For both 4-Ph(OMe) 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 its solution spectrum. This may indicate strong interactions in the solid state, which can be attributed to the phenyl-carbazole fragment in accordance with the short C/C distances observed in the crystal packing (see above).
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The triplet energies (E T ) were determined from the emission spectra at 77 K in 2-Me-THF 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 to that of other PhOLEDs using different 4-substituted-SBFs as host. The device architecture is given in the experimental part. In order to accurately compare the efficiency of the hosts in the device, we deliberately use the same PhOLED structure as that used in previous works. 28, 32, 40 It should be also mentioned that the devices are fabricated without light extraction enhancement system and the phosphorescent emitters are not particularly oriented. We believe that a device optimisation with these specific hosts will lead to even further higher efficiencies. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 is higher than that of 4-PhCz-SBF (3.7 V), translating a better charges injection in the former in accordance with the different energy gap of the molecules (Table 1) . Finally, the electroluminescent spectra of both devices exclusively display the emission of the phosphor Ir(ppy) 3 in accordance with the emission of the pure Ir(ppy) 3 . 57 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Sky Blue PhOLEDs were also fabricated and characterized (figure 11 and SI). With 4-PhCz-SBF as the host, the maximum EQE reaches 6.7% with corresponding CE and PE of 18.0 cd/A and 9.8 lm/W. As observed above for green devices, PhOLEDs based on 4-Ph(OMe) 3 -SBF display even higher performances with a maximum EQE as high as 9.6% with corresponding CE and PE of 24.2 cd/A and 12.0 lm/W. Similar conclusion than those exposed above can be drawn for Von. The EL spectra display exclusively the emission of the blue dopant at 474/498 nm for 4-Ph(OMe) 3 -SBF and 475/500 nm for 4-PhCz-SBF in accordance with photoluminescence of pure FIrpic film (475/500 nm). 56 The performance of 4-Ph(OMe) 3 -SBF is hence higher than those previously reported for 4-substituted SBF incorporating electron poor fragments. 33, 32 The hole carrier mobility of 4-PhCz-SBF and 4-Ph(OMe) 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1.1×10 -5 cm²/V.s respectively. The hole mobility of 4-Ph(OMe) 3 -SBF appears hence significantly higher than that of 4-PhCz-SBF. This feature can be one of those involved in the higher PhOLEDs performance observed for 4-Ph(OMe) 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 structure-properties relationship study, this work shows that the incorporation of electron-rich moieties in C4 of the SBF core induces unique properties, very different to those previously reported for this family of molecules. Thus, the electronic properties of these dyes can be modulated not only by the nature of the fragment borne by the SBF but also by the angle formed between this fragment and the SBF moiety. Of particular interest, the structured emission of 4-PhCz-SBF with a short Stokes shift appears to be unique in the 4-substituted SBFs family. The very similar geometry of its ground and first excited state appears herein as the first step in the understanding of the peculiar fluorescence of 4-substituted SBFs. Due to their high E T and high HOMO energy levels, both 4-PhCz-SBF and 4-Ph(OMe) 3 -SBF have been successfully incorporated as host in green and blue PhOLEDs with high performance (EQE of 20.2% and 9.6% respectively) and low threshold voltages. These performances are, to the best of our knowledge, among the highest reported to date for 4-substituted SBF derivatives, highlighting the strong potential of 4-Ph(OMe) 3 -SBF (and more generally of the global approach) as host in blue PhOLEDs. Bipolar hosts constructed on a similar design are currently developed in our laboratories.
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